Angle-resolved photoemission (ARPES) experiments on copper oxide superconductors revealed enigmatic kinks in electronic dispersions near 10 meV presumably due to phonons or impuritites. We used inelastic neutron scattering to measure phonon branches below 15 meV in a large single crystal sample of optimally-doped Bi 2 Sr 2 CaCu 2 O 8+δ (BSCCO). The high quality dataset covered several Brilloiun zones with different final energies. In addition to acoustic branches, optic branches disperse from 4 meV and 7 meV zone center energies. The 4 meV branch interacts with acoustic phonons at small wavevectors, which destroys the LA character of the acoustic branch beyond 0.15 reciprocal lattice units. We propose a mechanism that explains the low energy electronic dispersion features based on this observation.
The role of electron-phonon coupling in copper oxide superconductors is still not understood. Early experiments and calculations indicated that it was not important, [1, 2] , but later work suggested it is very strong for select phonons [3] [4] [5] [6] [7] [8] .
Angle-resolved photoemission (ARPES) revealed pronounced kinks in the electronic dispersions, often interpreted in terms of interactions of electronic quasiparticles with Bosonic modes [9, 10] . Most previous work focused on the analysis of the ARPES features between 30 and 80 meV, but more recently a kink near 10 meV has been discovered [11] [12] [13] [14] . In the majority of cases, optic phonons are natural candidates, although a number of mutuallyexclusive explanations for the 10 meV kink have been proposed [11, 15, 16] . The most unusual property of this kink is an apparent absence of gap-referencing, where the kink should appear at ω ph + Δ max > 30 meV (Maximum superconducting gap Δ max ∼ 30 meV) [13] . This gapreferencing is expected from a flat Bosonic mode with a wavevector q-independent mode-phonon coupling matrix element.
Here we report results of comprehensive neutron scattering measurements of low energy phonon dispersions in BSCCO in the energy range relevant for the ARPES kink. We show that the interaction of the longitudinal acoustic (LA) branch with the lowest optic branch around 4 meV (Fig. 1a) limits electronic scattering by the acoustic phonon to small wavevectors. As a result, the phonon can only scatter electrons with small crystal momentum transfer in the ab-plane. This forward scattering places nodal electron on nearby sections of the Fermi surface where the superconducting gap is small (Fig. 1b) . Therefore, the kink at the node appears below the maximum of the superconducting gap via the mechanism similar to the one proposed by Johnston et al. [15] . Measurements were performed on the 1T triple-axis spectrometer at the Orphée reactor (Laboratoire Léon Brillouin, France) using PG002 monochromator/analyzer in the standard open collimation configuration and in a similar condition on the HB-3 spectrometer at the High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory. The sample was a large single crystal grown with the floating-zone technique as detailed in Ref. [17] . The sample was mounted in a closed-cycle refrigerator.
arXiv:1702.04331v1 [cond-mat.supr-con] 14 Feb 2017
We looked at every experimentally accessible Brillouin zone around Q=(0,0,L) as well as 200 and 202 using fixed final energies E f =8, 13.2, and 14.7 meV. For the majority of the measurements the sample was mounted in the H0L scattering plane. We measured phonon dispersions along the a* and c*-directions in reciprocal space with some data also obtained along the HH0 and H-H0 directions. The energy region around 10 meV in the data measured with E f =8 meV is not used, because it corresponds to a 2k f = 3k i condition.
In tetragonal structures the LA branch always forms a cone near the zone center in the h-k plane (in our notation h is along a*, k is along b* and l is along c*) as shown in Fig. 1a . Thus it is sufficient to measure its dispersion along the h-direction to know the entire dispersion at small q. According to standard theory, the LA branch should couple to electrons because it modulates the density of the material [18] . In simple materials the LA branch extends all the way to the zone boundary. However in perovskite oxides the LA branch interacts with low-energy optic branches [19, 20] , which radically alters its eigenvector.
We carefully tracked the character of the acoustic branches by comparing intensities in several Brillouin zones. Acoustic phonon intensity is proportional to the intensities of the adjacent Bragg peaks, i.e. the data in several zones allows us to identify the phonon with the LA eigenvector by this property. For longitudinal phonons dispersing in the ab plane we performed measurements in the Brillouin zone adjacent to the strong Bragg peak at Q=(2,0,0) and in the zone adjacent to a weak Bragg peak at Q=(2,0,2). Figure 2d ,e shows that strong optic phonons disperse from the zone center energies at Q=(2,0,0) and Q=(2,0,2) at 4 meV and 7 meV (also see supplementary material Fig. S1 ). The (2,0,0) Bragg peak is very strong, which maximizes the intensity of acoustic phonons in the adjacent zone. On the other hand, the (2,0,2) Bragg peak is much weaker, which makes the acoustic phonons too weak to be observed and the optic one stronger. The appearance of the 4 meV phonon near Q=(2,0,2) vs. Q=(2,0,0) indicates that this phonon originates primarily from the out-of-phase in-plane vibrations of Bi. The acoustic phonon disperses up to 4 meV at h=0.15 where it starts to deviate from the linear dispersion expected for acoustic phonons at small q. The signal weakens and becomes very broad at higher h.
This difference between the zone adjacent to Q=(2,0,0) and the zone adjacent to Q=(2,0,2) is only seen up to h=0.15 where the acoustic branch becomes broader, and its energy deviates from the linear dispersion (Figs. 2i,  3 ). In addition, the acoustic phonon intensity drops from h=0.1 to 0.15, (Fig. 3c,d ) which indicates that eigenvector is no longer of purely LA character. At q=(0.2,0,0) the phonons have the same intensity in the two zones, i.e. at this q there is no phonon that is predominantly LA.
At this wavevector the low-lying optic branch becomes very broad in energy with phonon tails extending down to 2.5 meV. Aside from the Bose factor, this behavior appears to be the same at low and room temperature (Fig. 3) , although interpretation of the data is harder at low temperature due to the small intensities. The region between h=0.2 and 0.35 is characterized by broad line shapes followed by the recovery of a narrower lineshape at h=0.35 and 0.4. A similar effect has been observed at the same wavevectors in a few other branches in all previously investigated copper oxide superconductors [7] [21], but not in the lowest-energy longitudinal branch. We carefully checked if the phonon broadening persists down to lower energies by performing h-scans at 1.5 meV, but found no evidence for a low-energy tail around h=0.25-0.3 (see supplementary material Fig. S3 ). Based on results presented in Ref. [22] , it is probably related to the structural supermodulation. We plan to investigate this feature in more detail in the future, which should elucidate its origin.
We observed other optic phonon branches as well. The nearly flat branch originating from 6.5 meV is primarily c-axis polarized as it has a much stronger intensity when L is large, i.e. when Q is parallel to the c-axis (Fig. 2i) . There are only two zones in which c-axispolarized phonons are clearly observable. Acoustic/optic phonons are strong at Q=(H,0,12) / Q=(H,0,14) respectively. The 6.5 meV feature at Q=(0,0,14) is broader than the instrument resolution and most probably, two separate modes are observed (Fig. 2a,b) . One of these, at 7 meV, has some in-plane polarized atomic displacements since it is also seen at in-plane wave vectors (Fig. 2g,h ). The optic mode disperses upwards, and merges with the acoustic mode near h=0.3. At this point the branches mix and lose their pure acoustic/optic character. Only one branch is seen past this point. The other one acquires and eigenvector whose structure factor makes it weak in this zone.
Phonon dispersions in the L-direction are nearly flat due to the quasi-2D character of BSCCO (Fig. 2c,f) . The LA mode stays at low energies with the zone boundary energy of 2.5 meV. The TA mode has a similar dispersion and optic modes are nearly flat (Fig. 2f) . Momentumenergy cuts in different Brillouin zones are shown in The data shown in Figs. 2, 3 allow us to understand the ARPES kink feature at 10meV employing the minimum of assumptions. Longitudinal acoustic phonons couple to electrons because they modulate the density of the material [18] . However, once they interact with the optic phonon away from the zone center, their eigenvector changes. Since electron-phonon matrix elements sensitively depends on the phonon eigenvectors, we ex- pect electron-phonon coupling to become suppressed as the mode loses its LA character beyond h=0.15 and the standard theory would no longer apply. It is possible that phonons of different character couple to electrons as well. However, in the case of cuprates, density functional theory shows that such coupling should be weak. Previous experiments found strong electron-optic phonon coupling only in the Cu-O bond stretching branch around 70meV and the buckling branch that starts at the B 1g mode near 40meV, which can be considered as exceptional. No signs of strong electron-phonon interaction in BSCCO optic phonons have been reported otherwise despite numerous Raman and IR investigations [23] [24] [25] [26] [27] [28] .
Thus only forward scattering of electrons by LA phonons in the ab-plane is allowed and electrons can scatter only into the nearby regions of the Fermi surface as shown for the nodal electrons in Fig. 1b . The gap there cannot be much bigger than the gap where the electron originates, hence the kink appears below T c offset by a fixed energy from the superconducting gap going around the Fermi surface. This offset energy should be much smaller than the maximum of the superconducting gap. Ref. [15] proposed a similar falloff in the electron coupling strength via a different mechanism and showed that this falloff is all that is required to reproduce the ARPES data. Their calculation of the ARPES features should still apply regardless of the exact mechanism of suppression of the electron-phonon matrix element. Rameau et al. [11] proposed that the 10 meV kink was caused by one of the A 1g Raman modes [26, 27] with c-axis polarization. We see these modes near 6.5 meV in the neutron data. Fig. 2 shows that the c-axis optic phonon has a nearly flat dispersion up to q=(0.2,0,0). A similar dispersion is expected along the (h,h,0)-direction. Such a phonon will scatter electrons at least half way to the node where the gap is around 15 meV. This scattering will produce the kink in the superconducting state at 15+7=22 meV, which does not agree with experiment. Some theoretical models predict that the coupling is concentrated within 0.15 r.l.u. of the zone center [29, 30] . In this case, the nodal kink would be smeared inside the region between 7 and 12 meV. In experiments it appears to be sharper than that. Furthermore there is no evidence from Raman and IR that this phonon couples to electrons near the Fermi surface, such as softening below T c [23] [24] [25] [26] [27] [28] .
To conclude, we observed the interaction of the lowlying optic branch with the longitudinal acoustic branch at small wavevectors and showed how it leads the lowenergy electronic dispersion kinks.
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